The aim of the study was to investigate the role of keto-enol centre of curcumin in deciding its ROS quenching efficiency, toxicity and DNA binding ability. Curcumin has three major contributing centers for free radical reaction, namely phenol, enol and conjugated diene. The activity of metal complex of curcumin and curcumin was compared to evaluate the effect of keto-enol reactive center towards the biological and antioxidant activity. The metal complex of curcumin exhibited ROS quenching efficiency comparable to that of curcumin emphasising importance of phenolic centre. Morphological studies with H9c2 cells revealed insignificant levels of alterations in 48 h of treatment with curcumin and its metal complexes. The comparable cytotoxicity value of curcumin and its metal complexes point to the insignificance of keto-enol centre in deciding its activity. The complexes of curcumin showed better binding capability in the order of 10 5 in comparison to our previously reported curcumin binding of the order 10 3 . The change in the curcumin scaffold at keto-enol center by metal retained its ROS quenching efficiency, exhibiting comparable cytotoxicity to that of curcumin at the same time improving the binding capability to DNA emphasizing the importance of phenolic centre in deciding its activity and complexation with metal has modest effect its antioxidant property.
Introduction
Over the past 20 years, there has been a growing interest in plant-derived polyphenols with respect to human health. All the compounds in plants have been selected by evolution to have biological importance and that plants also generate novel compounds with extreme stereospecificity. Consequently, 50% of the anticancer therapeutic agents used in modern medicine are derived from plants. Curcumin, the vibrant yellow spice derived from the rhizome of the plant, Curcuma
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The Possible Role of Reactive Centre's of Curcumin in Deciding its Biological Activity 270 protein, transcription factors, enzymes and cytokines [5, 6] . Further, curcumin is the first polyphenolic compound found to bind in the minor groove of nucleic acids [7] .
Curcumin chelate to electropositive metals via 1, 3 diketo group and may act as a scavenger of toxic metal to reduce the metal load in the body. The role of curcumin as a neuro protector against metal deposition in brain has been investigated and hence regarded as anti-Alzheimer's [8] . The strong antioxidant property exhibited by the compound and its strong interaction with many other biological species enhances its use as multi-targeting agent [9] . Curcumin is reported to form 1:1 and 2:1 type complexes with metals like copper, iron and other transition metals [10] [11] [12] . The binding of curcumin in brain cells to metals like iron and copper reduces the concentration of these toxic metals in brain, hence suggested as a multipotent agent for combating oxidative stress and Alzheimer disease (AD) [13] . A few biological studies of metal complexes of curcumin and its derivatives have been reported. Copper complexes of curcumin mimic SOD [10] , manganese complex was shown to have neuroprotective activity [12] . The Vanadium, Gallium and Indium complexes showed reduced cytotoxic potential and hence expected to have medicinal applications [14] .
The low bioavailability and poor stability of curcumin in aqueous medium especially at high pH limits its therapeutic applications though it has evident anti-cancer activity [1] . Consequently many curcumin analogues with superior efficacy and stability than natural curcumin were synthesized, nevertheless to ensure the safety of such congeners, extensive and elaborate long-term toxicity studies would be necessary. Intuitively, minor alterations without affecting the active centre of the parent curcumin stand a better chance of retaining the safety features as compared to more complex alterations. Our group recently reported the equivalent efficacy for Knoevenagel condensates of curcumin for ROS quenching efficiency in vitro selenite-induced cataract model analyzed using lens organ culture method [15] . Knoevenagel condensate exists only as diketo form, as condensation prevent the keto-enol tautomerism of diketo moiety of curcumin. Hence it was concluded that the enol moiety is not a definite requisite for its antioxidant property [16] . To establish these findings and to minimize the involvement of groups introduced during Knoevenagel condensation, the study was extend to metal complex of curcumin in which the enol/diketo centre ligands to the metal ion. The cytotoxicity and DNA binding studies of metal complex of curcumin were also included to evaluate their therapeutic applications, since they have minor alteration from curcumin scaffold and have high stability in aqueous system [17] . The present group has reported that curcumin is a groove binder with a binding constant 1.1 × 10 3 M -1 [18] . The DNA binding study of the metal may reveal the influence of the metal in deciding its binding ability. Curcumin was separated from the commercial curcumin, a mixture of three closely related curcuminoid's, that is curcumin (77%), demethoxy curcumin (DMC) (18%) and bisdemethoxy curcumin (BDMC) (3%), by column chromatography (silica gel 60-120 mesh) [19] . The 1:1 metal complexes were prepared (Scheme 1) using curcumin by the procedure reported earlier [20] . 1 was used for the measurement. The surface of GC electrode was cleaned with alumina powder before every measurement. n-Bu 4 NClO 4 (TBAP) was used as the supporting electrolyte for CV measurement of complexes in DMSO . All the experimental solutions were purged with N 2 for 15 min prior to each set of experiments. Circular dichroism spectra of DNA were recorded on a JASCO J-810 spectropolarimeter in the region between 220 and 320 nm in Tris-HCl buffer (pH 7.1 at 25 °C) using quartz cuvette of 5 mm optical path length.
Materials and Methods

Materials
Scheme 1 Synthesis of metal complex of curcumin.
Curcumin, piperidine, methanol, stirring at room temperature for 4 h.
Cardiomyocyte Model in H9c2 Cells
H9c2 cells derived from rat embryonic cardiomyocytes were obtained from National Centre for Cell Science (NCCS), Pune, India. Cells were cultured in DMEM (Dulbecco's Modified Eagle's medium) supplemented with 10% foetal bovine serum (FBS), 100 U penicillin/mL, and 100 μg streptomycin/mL and cultured in 5% CO 2 at 37 °C. Cells were passaged regularly and subcultured to 80% confluence before the experiments. Morphological evaluation, MTT assay and generation of reactive oxygen species (ROS) was studied in this cell line. All statistical calculations were carried out using Microsoft excel 2010 software program. The values were expressed as the mean of Standard deviation with a minimum 3 trials (n = 3). The data were statistically analyzed using one-way analysis of variance (ANOVA), and significant difference of means was determined using Duncan's multiple range tests at the level of p < 0.05.
In vitro
Results and Discussion
Characterization of Curcumin Complexes
Curcumin separated from commercial sample by column chromatography [19] was characterized by NMR and used for the complex preparation [20] . Analytical data (Table 1) suggest that all complexes were mononuclear and have a metal to curcumin ratio 1:1. Non-electrolytic nature of formed complexes were evidenced by the molar conductance value in DMSO, which is in agreement with the earlier report of 1:1 complexes of curcumin [17, 10] and have been assigned molecular formula [M(II)Cur·H 2 O·Cl].
All complexes were brown in colour with λ max values for UV absorption ranging from 437-443 nm which was in agreement with the suggestions of Barik 
In Vitro Cytotoxicity Assay
Cytotoxicity assay was done to determine the potentiality of curcumin and its metal complexes to act as drug. H9c2 cells derived from rat embryonic cardiomyocytes were selected for the toxicity studies were the oxidative stress is relatively high compared to other tissues [23] . Curcumin has been shown to possess a broad range of pharmacological properties, including protective effects against oxidative stress by virtue of its strong antioxidant capacity and decrease tumor necrosis factor-alpha levels in the livers of rats [24] . However, the biological activities of metal complexes of curcumin are less studied. The morphological analysis of cells at 48 h of treatment with curcumin and its transition metal complexes showed a normal spindle shaped morphology at 5 µM concentration in Fig. 1 indicating the non toxic nature of curcumin and its metal complexes. The cell viability assay by the MTT method showed a decrease in absorbance due to foramzan with increase in concentration of curcumin and metal complexes of curcumin indicating the cell viability decreases with the concentration of the added samples By comparing with the untreated samples a plot of % toxicity with the added concentrations of the various samples are drawn and depicted in 12-37 µM dose range [25] . Whereas Quercetin and its metabolite, a phenolic antioxidant are previously reported to have shown no change in cell viability with the increase in concentration from 1-30 µM [26] .
Generation of Reactive Oxygen Species (ROS)
The fluorescence imaging data Fig. 3 showed that curcumin and its complexes of Mn(II), Cu(II), Ni(II) and Co(II) reduced ROS generation in H 2 O 2 treated cardiac myocytes significantly at 5 μM concentration. Fig. 3a shows slight fluorescence due to normal ROS generation in untreated cells and Fig. 3b shows very high DCF fluorescence due to the stress induced by H 2 O 2 . The intensity of fluorescence was decreased in the H 2 O 2 groups that were subjected to pre-treatment with curcumin/its metal complexes Figs. 3c-3g for 24 h.
The metal complexes in which the enol centre was blocked shows activity comparable to curcumin in the cell lines, emphasizing that phenolic group is the major centre for antioxidant activity. The spectro-fluorimetric analysis, Fig. 4 also supported the data obtained by fluorescent imaging. The 5 µM curcumin was able to bring down the level of ROS in H 2 O 2 treated cells to that of control. The activity of curcumin and its complexes in cardiac myocytes were comparable. Among the samples taken curcumin showed the highest activity. On comparing the activity among the complexes, the Co(II) showed the highest reducing power and Cu(II) the least.
DNA-Binding Studies
Electronic Absorption Titration
Electronic absorption spectra of curcumin complexes in Tris-HCl buffer was characterized by an intense ligand centered transition in the visible region at 360 nm, 424 nm, 428 nm and 404 nm for Mn(II), Co(II), Mg(II) and Cu(II) complex of curcumin respectively. In the UV spectral data obtained Table 3 . The values were comparable to that of complexes of macrocyclic tetraaza diacetyl curcumin ligand [29] with Cu(II), Co(II) and Mn(II) as metals.
Cyclic Voltammetric Studies
The voltammetric studies of DNA binding were done with two strong binders Cu(II) and Mg(II) complexes. The redox behaviour Figs. 6a and 6b studied with the fixed concentration of complexes in the absence and presence of DNA at a room temperature within the potential range of 1,000 to -400 mV at the scan rate of 100 mVs -1 . A decrease in peak currents (both the Ipc and Ipa) and the Epc and Epa (Table 4 ) with increasing concentrations of DNA was observed for both complexes. The decrease of peak current implied the formation of a new association complex and attributed to the slow diffusion of complexes bound to the large, slowly diffusing DNA molecule [30] . Among the three kinds of binding DNA) were recorded by the respective addition of the curcumin complexes of copper and magnesium to the DNA. Each sample solution was scanned in the range of 220-320 nm. A CD spectrum was generated;
Figs. 7a and 7b represent the average of three scans from which the buffer background had been subtracted. The concentration of DNA was 10 -5 M. The change in intensity of DNA band (Table 5) suggests a conformational change in DNA which is relative to the mode of binding of complex to DNA. The CD spectra showed slight perturbation of the bands with decrease in intensity in both positive and negative bands and zero cross over at 258 nm suggest the stacking mode and disturbance in the orientation of base pairs of DNA. With increasing concentration of curcumin complexes of Mg(II) and Cu(II), the peaks at 275 nm and 245 nm showed a positive shift to 1-3 nm without any change in the zero-cross over at 258 nm which indicate a groove binding mode [31] . The binding of the complexes induces certain conformational changes in DNA, that is from B-like to a more A-like structure [32] . The simple groove binding and electrostatic interaction of small molecules show less or no perturbation on the base-stacking and helicity bands, while for the classical intercalator like methylene blue enhances the intensities of both the bands stabilizing the right-handed B conformation of DNA [33] .
Conclusions
The metal complexes of curcumin with Mn(II), Mg(II), Cu(II), Ni(II) and Co(II) was found to reduce the ROS generation in H 2 O 2 treated cardiac myocytes significantly at 5 μM concentration. The study of ROS quenching ability with metal complexes along with our previously published result on antioxidant activity of the Knoevenagel condensate of curcumin with DPPH establishes the minimal involvement of keto-enol moiety of curcumin as the antioxidant centre and hold up the phenolic -OH as the prime centre for the antioxidant activity. There were no morphological alterations of H9c2 cells after 48h of treatment with curcumin and its metal complexes [Cu(II), Mn(II), Ni(II) and Co(II)] but MTT assay showed a reduction in cell viability in a dose-dependent manner. The toxicity of the complexes were comparable to that of curcumin and was in the order of Cu(II) > Mn(II) > Cur > Co(II) > Ni(II) at 20 µM concentration. The comparable cytotoxicity values of metal complexes to curcumin signify the low involvement of keto-enol centre in deciding its activity. Curcumin complexes [Cu(II), Mn(II), Mg(II) and Co(II)] had been subjected to DNA binding studies using various techniques like UV-Vis, CV and CD spectra. The electronic spectral data exhibit a binding constants in the order of Mn(II) < Co(II) < Mg(II) < Cu(II). All the DNA-curcumin complexes showed better binding ability than our previous study with DNA-curcumin. The CD peaks at 275 and 245 nm of DNA with addition of Mn(II) and Cu(II) complex shift to 2-3 nm without any change in the zero-cross over at 258 nm. All the spectral and electrochemical investigations indicated grove binding of curcumin complex with Herring sperm.
